[1] Changes in gravity due to volcanic loading of the crust are influenced by topography. We investigate the relative importance of topography and self-gravitation in the interpretation of gravity changes. It is shown that modeling of gravity changes can be more precise with the introduction of topographic relief, although it is neglected self-gravitation of the medium. This paper exploits this result by suggesting a mathematical simplification that could be useful in the future development of a numerical technique to accurately include topographic effects in the modeling of deformation and gravity changes. Finally, we perform an inversion of the gravity changes observed at Mayon volcano (Philippines) between December 1992 and December 1996 including topographic effects by varying the depth of the source. Failure to account for topographic influences can bias estimates of source parameters particularly when the lateral extension of the relief is of the same order of magnitude as the source depth.
Introduction
[2] Elastic half-space models have been widely used to interpret deformation and gravity changes in active volcanic areas. The most commonly used is the Mogi [1958] point dilatation model, although more refined models have also been introduced. These include finite shape spherical and ellipsoidal sources, vertical and horizontal magma migration, collapse structures, etc. [e.g., Davis, 1986; McTigue, 1987; Bonafede, 1990; De Natale and Pingue, 1996] . Rundle [1980 Rundle [ , 1982 solves the generalized static Navier equations of an elastic self-gravitating layered half-space to obtain surface gravity, deformation and potential changes arising from volcanic loading. This type of model takes into account the intruding masses and their interaction with self-gravitation. Charco et al. [2006] carried out a dimensional analysis and theoretical experiments indicating that mass change and selfgravitation could produce changes in the value and pattern of predicted gravity that may be above microgravity survey accuracy. It is frequently possible to achieve microgravity measurements at high precision at volcanoes (±10-15 mGal) when following strict survey procedures [Rymer and Brown, 1989; Williams-Jones et al., 2003] . All these models generally assume that variations in topography do not significantly affect deformation and gravity changes. However, volcanoes are often associated with prominent relief that can critically affect the deformation field [e.g., Wadge, 1998, 2000; Cayol and Cornet, 1998; Folch et al., 2000] . Thus what should a model include to provide better insight into the interpretation of gravity changes? Elasticgravitational models can provide a far more appropriate approximation than purely elastic models to problems of volcanic loading in which topographic relief can be negligible. However, for prominent volcanoes the general and local aspects of the ground surface also can affect deformation [e.g., Wadge, 1998, 2000; Cayol and Cornet, 1998; Folch et al., 2000] and gravity changes.
[3] We use dimensional and scaling analysis to show theoretically the relative importance of topography and self-gravitation effects on displacement and gravity changes caused by volcanic loading (internal loading produced by pressure and mass changes). These dimensional arguments indicate a simple qualitative rule by which one can begin to assess the importance of topography on modeled displacements and gravity changes.
Deformation Model
[4] We begin by reviewing the coupled elastic gravitational model. The generalized static Navier equations for an elastic, self-gravitating and uniform medium are as follows [Love, 1911] :
[5] Here, u is the vector displacement in a local cylindrical coordinate system (r, q, z) with the origin at the surface and with the z axis pointing down into the medium, e z is the unit vector in the z direction, f is the gravitational potential, r 0 the unperturbed density, G is the gravitational constant and g is the acceleration of gravity. The state of equilibrium is slightly disturbed by the emplacement of a mass source, or a pressure source, or the combination of both, at some depth within the crust that will set up an additional stress field, s. We have approximated the magma intrusion by the superposition of a spherical point source of dilatation, F p , and a mass point source, F m .
[6] Rundle [1980, 1982] solved equations (1) and (2) using the propagator matrix technique [Thompson, 1950; Haskell, 1953] in a flat layered, self-gravitating half-space to obtain surface gravity, deformation and potential changes arising from volcanic loading. Rundle [1981] developed the numerical formulation for the case of a single layer in welded contact with an infinite half-space. Expressions in the case of two layers are given by Ferná ndez and Rundle [1994a Rundle [ , 1994b . Fernández et al. [1997] gave the appropriate formulation for a medium composed of up to four layers over a half-space. More recently, Charco et al. [2002] obtained the analytical expressions to compute vertical deflection and geoid changes in a flat layered, self-gravitating half-space.
Scaling Relations
[7] We define the elastically perturbed gravitational potential after the intrusion of mass into the magma reservoir:
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where f 1 is the potential due to mass redistribution from the perturbed density, r o r Á u, hereafter perturbed density potential, and f 2 is the gravitational potential due to the influx of magma into a subvolcanic storage system, i.e., F m = rf 2 (hereafter intruded mass potential). Elastic-gravitational model equations (1) and (2) are coupled through the perturbed density potential.
[8] Charco et al. [2006] point out that changes in the magma pressure drive the deformation. Since it makes little difference whether the mass source is used to calculate displacements, gravitational effects can be neglected to compute surface displacements at spatial scale associated with volcano monitoring. However, with two sources of loading, mass and pressure, it is possible to reproduce the unusual geodetic data observed at certain volcanoes; total uplift may vanish without total gravity change vanishing, combining mass and pressure in a suitable way [Rundle, 1982] . Considering both types of sources, Charco et al. [2006] point out that the potential f 1 is of the same order of magnitude as the intruded mass potential, f 2 , at spatial scale associated with volcano monitoring. Therefore the gravitational terms that appear in equation (1) may contribute to the magnitude of gravity changes since both equations, (1) and (2), are coupled. In fact, gravitational effects can produce significant variations in the magnitude and pattern of the gravity change for half-space models. Following this study, here we investigate the relative importance of topography and self-gravitation in gravity changes modeling.
[9] It can be anticipated that the interaction of the perturbed density potential with topography is strongest for sources located at shallow depths. Considering equations (1) and (2), the perturbed density potential scales like
since it depends on r Á u. For this dimensional analysis, it is assumed that the depth of the source, c, characterizes the distance scale over which the solution varies. The intruded mass potential, f 2 , scales like DV/c 3 , where DV is the change in volume that produces the magma chamber overfilling. Delaney and McTigue [1994] pointed out that
where Da is the change in cavity radius. Therefore
[10] The magnitude of both potentials decreases with increasing depth. As the magnitude of potential f 1 depends on expression (4) and the magnitude of potential f 2 depends on (6), the intruded mass effect decreases faster with depth than perturbed density potential effect.
[11] We use expressions (4)- (6) to describe the topographic effect on gravity changes. We assume that the topographic effect is due primarily to differences in the distance between surface and source location, i.e., it is due to the height of the computation point since gravity is strongly height dependent [e.g., Torge, 1989] . Therefore the higher the topography, the deeper the source. This assumption gives a reasonable approximation since the principal effect of ground topography is a reduction of displacement in regions of elevated topography Wadge, 1998, 2000] . This is due to the greater distance from the freesurface and the fact that gravity changes are primarily controlled by (1) the change in vertical displacement due to inflaton/contraction, (2) the change in vertical displacement due to the deformation induced by a point mass load within the medium, and (3) the change in mass produced by introduction of the point load, where gravitational attraction primarily depends on distance between the computation point and the intruded mass source rather than the local shape of the free surface. Elastic and gravitational forces in the elastic gravitational model depend on source depth [Battaglia and Segall, 2004; Charco et al., 2006] and therefore also depend on the distance between the surface and source location.
[12] Topography is included in the scaling relations by replacing source depth by c 0 , where c 0 = c + f(r, q). The term f, which is a function of radial distance, r, and azimuth angle, q, in the local cylindrical coordinate system, is the elevation above mean sea level. Taking into account the relief, the ratio between the first and second term of the right-hand side of equation (2) is
[13] Topography has a significant effect on the magnitude of the predicted gravity changes since ratios (4) and (6) and consequently (7), are functions of the relief elevation. For a deep source, c ! 10 km (c/c 0 ' 1) the topographic effect is small. However, the magnitude of changes in gravity arising from both potential f 1 and potential f 2 are not significant within typical standard deviations on microgravity measurements in this case. Thus, although topographic influence on gravity is not significant for either f 1 or f 2 , the magnitude of both potentials is too small to be considered. For a shallow source, c < 10 km (c/c 0 ( 1) both potentials are affected by topography since c and the height of the topographic relief are of the same order of magnitude in this case, e.g., considering mean heights above mean sea level of 3 km. The reduction of the magnitude of relations (4) and (6) can be significant due to topographic effects since c ( c 0 . The magnitude decrease that both potentials undergo produces a drop in the gravitational forces acting on equations (1) and (2) because the distance of the source to the free surface increases with topography. Thus the error caused by neglecting gravitational terms in equation (1), that may contribute to the magnitude of gravity change in half-space models, can be neglected when topography is taking into account. Consequently, topography reduces the magnitude of self-gravitation effects due to the superposition of a pressurized cavity and intruded mass, particularly for magma reservoirs at relatively shallow depths.
[14] Folch et al. [2000] pointed out that topography effect on the displacement field is dramatically emphasized in viscoelastic rheologies. Selfgravitation and gravitational acceleration could significantly affect both displacements and gravity changes in such a case. Thus it remains to be seen whether this approach may be extended to viscoelastic modeling.
Self-Gravitation and Topography Interaction
[15] We perform theoretical experiments that examine the relative importance of self-gravitation and topographic effects by using the elasticgravitational model. We show the results for sources at 5 (Figure 1), 15 (Figure 2) , and 30 (Figure 3 ) km depth in a homogeneous medium with Lamé parameters l = m = 30 GPa and density r = 3000 kg m À3 . Following the assumptions made to perform the dimensional analysis, the experiments are carried out considering (1) the effects on gravity changes due to a pressurized magma chamber of 300 MPa km 3 strength with no mass change, (2) the effects due to a spherical mass point of 0.35 MU (1 MU = 10 12 kg) with no magma chamber overpressure, and (3) the superposition of the effects due to sources described in considerations 1 and 2. In this case, both sources have the same influence on equation (2), producing changes in gravity at the same magnitude and a different sign. Furthermore, to study the effect of topographic relief, we consider four different approximations: (1) a half-space without topographic relief (Model 0); (2) a horizontal free surface with a constant elevation of 3 km corresponding to a ''representative elevation'' [see, e.g., Bonaccorso, 1996] for a volcanic area (Model 1); (3) an axisymmetrical volcano with average slopes of the flanks of 60°that could be representative of andesitic volcanoes (Model 2); and (4) an axisymmetrical volcano with average slopes of its flanks of 25°that could be representative of basaltic shield volcanoes (Model 3). The maximum height of the axisymmetrical volcanoes is 3 km, providing lateral extensions of topography (horizontal distance from summit to the flank of topographic relief) of 0.5 and 6 km, respectively. Gravity changes created by sources located beneath axisymmetrical volcanoes, cases 3 and 4, are obtained by allowing the source depth to vary with the elevation of the point at which a solution is desired, as introduced by Williams and Wadge [1998] , to be consistent with the assumptions we made to perform the dimensional analysis.
[16] The solution corresponding to the volcanoes with an average slope of 25°(Model 3) and 60°( Model 2) are midway between that of a half-space solution (Model 0) and that of a constant elevation of the free surface (Model 1). Surface gravity changes vary rapidly in a narrow region with a half-width similar in magnitude to source depth, c [Rundle, 1981] . There are not significant variations of the region when the topographic lateral extent is less than region width, as it can be seen for Model 2 in Figure 1 and for Models 2 and 3 in Figures 2 and 3 , respectively. Therefore the interaction of the source-induced gravity changes with topographic relief is significant only when source depth and the lateral extension of the relief are of the same order. McTigue and Segall [1988] reached a similar conclusion which respect to the conditions under which a subsurface deformation source and topography interact most strongly.
[17] The topographic effect on the magnitude of predicted gravity changes is higher for sources located at relatively shallow depths. Thus, for a model with a dilatational source at 5 km depth (Figure 1a) , the surface gravity change is reduced by as much as 61% if topography is taken into account and as much as 30% for a model with a dilatational source at 15 km depth (Figure 2a ). This reduction of magnitude is approximately of 15% if the dilatational source is at 30 km depth (Figure 3a) . A similar reduction can be seen for the point source of mass (Figures 1b, 2b, and 3b) . In summary, for shallow source (5 km) compared to the topography, there is a significant and measurable topographic effect on gravity changes. For the deeper source the effect is unmeasurable, i.e., the reduction of the magnitude of gravity changes tends to 0 as the source depth increases (c/c 0 ' 1). This fact is consistent with the theoretical results pointed out above.
[18] The elastic-gravitational model includes selfgravitation of the Earth through coupling between equations (1) and (2). We have computed the superposition effect of both sources described above in order to consider the topographic effect on surface gravity changes due to self-gravitation ( Figure 1c, Figure 2c , and Figure 3c ). Mass interaction with the gravity field is noticed at horizontal distances on the order of the source depth. Dimensional arguments indicate that the reduction of selfgravitation with topographic relief is strongest for sources that are shallow compared to the topography. The coupling effect is reduced by approximately 71% for the model with the gravitational source located at 5 km beneath a volcanic cone with 25°flank slope (Figure 1c, Model 3) and by 50% if the source is located at 15 km depth ( Figure 2c, Model 3 ). Thus topographic effects on self-gravitation decrease with increasing source depth. Nevertheless, the fractional change decreases slowly with increasing depth since potential f 1 depends on 1/c 0 while f 2 depends on 1/c 03 . For magma reservoirs at relatively shallow depths (c/c 0 ( 1), that could produce coupled signals within the accuracy attainable nowadays in microgravity surveys, topography has a significant effect masking self-gravitation effects. For deep sources, the coupled signal is too small to be discernible from the background noise. Therefore noncoupled solutions that take into account topographic relief are more accurate than a coupled solution in a halfspace for typical source depths in volcanic areas. In this way, we can reduce (1) to the vector static Navier equation:
where n is Poisson's ratio. Topographic contributions to gravitational potential gradient are implemented in the change in vertical displacement induced by chamber inflation/contraction and by the point mass load within the medium. The topographic effect on the gravity changes caused by the change in mass can be represented by varying the source location with the point elevation. 10 years during the last century. The last strong eruption was in 1984, the youngest one in 2001 [Jentzsch et al., 2004] . Due to the population density in the area, it has been monitored more closely in recent years [Punongbayan et al., 1990; Vö lksen and Seeber, 1995; Jahr et al., 1998; .
Application
[20] Five microgravity and differential GPS surveys were carried out between December 1992 and December 1996. The measurements were conducted along two profiles located on the flanks of the volcano toward the summit. These profiles are connected to a local and a regional network installed around the volcano. The reference network, which is formed by a total of 26 stations, is connected to two points at the opposite side of Legaspi Lineament .
[21] In early 1993, just after the start of gravity measurements in December 1992, an eruption occurred, with ash fall and lava flow of approximately 10 million m 3 [Withman, 2005] . Despite the activity in 1993, there was no significant gravity change between the first and second campaign (December 1992 , May 1993 . The gravity increase between May, 1993 and December, 1996 reached almost 150 mGal (±14 mGal), increasing with elevation and decreasing with distance from the crater. Note that detailed discussion of the effect of groundwater on gravity measurements is given by . The resulting conclusion is that the estimated maximum effect due to water level changes are on the order of 50 mGal on the lower slopes of the volcano. There remains therefore a significant residual gravity signal to be explained near the volcanic crater.
[22] The microgravity measurements for TumpaLahar-Channel profile are shown in Figure 4 . The gravity changes between each campaign and the first one (epochs 2-1, 3-1, 4-1, and 5-1) are restricted to a radius of 8 km around the volcano summit. During the campaigns, differential GPS did not recognize significant elevation changes within their accuracy of ± 3 to 4 cm . Volcanic activity dropped during this period, and remained dormant until the end of 1999. Gravity changes drawn against height differences from one campaign to the next show no gradient in Mayon, while it is unusual for gravity to increase with decreasing activity .
[23] Jahr et al. [1998] and explained gravity changes observed at Mayon volcano as density changes within the vent system. The last eruption of Mayon volcano gave rise to the assumption that had been taken place a reinjection of mass into existing cavities instead of deflation. Fernández et al. [2001] , Tiampo et al. [2004a] , and Tiampo et al. [2004b] tested this hypothesis by modeling the changes in gravity without resolvable deformation using the Genetic Algorithm (GA) inversion technique [e.g., Michalewicz, 1992; Tiampo et al., 2000] and the elastic-gravitational model that allows for the joint inversion of deformation and gravity data. The parameters obtained from the inversion through GA inversion are: a depth of 1.82 km, 31 MPa pressure increase, a radius of 1.71 km and 0.841 MU mass increase for changes in gravity observed during December 1992 and December 1996. Then, we have both pressurization together with mass injection. These parameters correspond to low-density value estimated; i.e., if we compute chamber volumetric expansion assuming that it is equal to the volume of magma that enters or leaves the cavity, it yields a low-density for the intruding mass.
[24] We perform a new inversion by using the varying depth methodology and an elastic model. Table 1 shows the predicted parameters and its comparison with the ones obtained by Fernández et al. [2001] . The best fitting model ( Figure 5 ) suggests a shallow source with a positive mass increment. The radius estimated by using varying depth methodology to approach topographic effects increases density providing a more realistic value. However, we have to take in mind that this problem deals primarily with gravity effects due to anomalous mass and it could be an error in source volume estimation because source strength is better constraint by displacements. Pressure and mass increment decreases as topography is taking into account while the depth of the source is increased in order to match the observed data.
Thus choosing the right model to invert deformation and gravity data is a critical step in the interpretation of volcanic processes.
Conclusions
[25] We have shown that topography can significantly affect the surface gravity change predicted by intruded masses and pressurized magma reservoirs. Superposition of both sources illustrates the relative importance of topographic and selfgravitation effects. Topography reduces gravity magnitude as source depth increases with relief elevation and increases the thickness of the region where gravity changes vary. In this way, the magnitude and pattern of changes in gravity do not depend only on the source depth. Relief elevation also affects the characteristics and the change in the gravity signal, particularly when the lateral extension of the relief and the source depth are of the same order of magnitude.
[26] Self-gravitation cannot be safely ignored in computing gravity changes in half-space models when a gravitational source of mass is present. Nevertheless, self-gravitational effects are generally much smaller than the effects related to topographic relief for volcanic sources located at typical depths. Thus it is advantageous to use the reduce system formed by equations (8) and (2) to compute the topographic influence on displacements and gravity changes. The topographic effect can be approximated by summing (1) the free-air effect due to the uplift in a half-space deformation model with the source depth corrected for topography following Wadge [1998, 2000] and (2) the direct gravitational attraction of the intruded mass, using the actual distance from source to the observation point.
[27] In this way, the interpretation of gravity changes would gain in accuracy through the use of a model that includes the topographic features of the medium, even though it is neglected in considering elastic-gravitational coupling. We have focused on the volcanic context because volcanic activity produces gravity changes that can be precursors of future eruptions and volcanoes are often associated with prominent relief. So, we have studied the gravity changes observed in Mayon volcano (Philippines) as an example.
The inversion results have demonstrated that the depth, pressure and mass change can be altered to more closely match the observed data (the residual within data accuracy) when topography is taking into account.
